Cholera remains a major risk in developing countries, particularly after natural or man-made disasters. Vibrio cholerae El Tor is the most important cause of these outbreaks, and is becoming increasingly resistant to antibiotics, so alternative therapies are urgently needed. In this study, a single bacteriophage, Phi_1, was used to control cholera prophylactically and therapeutically in an infant rabbit model. In both cases, phage-treated animals showed no clinical signs of disease, compared with 69% of untreated control animals. Bacterial counts in the intestines of phage-treated animals were reduced by up to 4 log 10 colony-forming units/g. There was evidence of phage multiplication only in animals that received a V. cholerae challenge. No phage-resistant bacterial mutants were isolated from the animals, despite extensive searching. This is the first evidence that a single phage could be effective in the treatment of cholera, without detectable levels of resistance. Clinical trials in human patients should be considered.
experimental infections in a range of animal models including mice, chickens, cattle, pigs, and lambs [6] [7] [8] .
In this study, we show that a phage vB_VchoP_1 (Phi_1) belonging to the Podoviridae N4virus genus was highly effective (P < .001) in preventing clinical symptoms of V. cholerae infection in infant rabbits, the most relevant animal model of cholera in humans. Phage treatment was accompanied by significant reductions (P < .05) in V. cholerae recovered from several intestinal compartments compared with untreated control animals. Notably, we recovered no phage-resistant mutants. The current study is the first showing that a single phage can prevent clinical symptoms of cholera infection in this model, with no evidence of resistance development. Its findings demonstrate that phage could be a viable alternative treatment for cholera in humans, and further research to support the application of phage in clinical trials is warranted.
METHODS

Bacteriophage Isolation
Phage isolation from lake water samples from several locations in eastern China was performed as described elsewhere [9] , using host V. cholerae O1 strain 2095. Plaques were serially purified a minimum of 5 times before further use. Additional phage isolates Phi_1, Phi_2, and Phi_3 were obtained from Tom Cheasty, former head of the Gastrointestinal Infections Reference Unit, Public Health England. Phages Phi_24 and Phi_X29 were purchased from the Felix d'Herelle Reference Centre for Bacterial Viruses. infection of 0.1 and incubating them overnight at 37°C in an orbital shaker at 150 rpm. The lysate was centrifuged (at 10 000g for 10 minutes) and filtered (0.45-μm pore size; Sartorius). Phage titers were determined by plating decimal dilutions of lysates onto duplicate Luria Bertani (LB) agar plates using the agar overlay method [10] . The top agar from plates showing semiconfluent lysis was transferred to a 250-mL centrifuge tube, to which was added 5 mL of Sodium Magnesium (SM) buffer per plate. Phages were eluted by incubation at 4°C overnight with gentle shaking, followed by 2 rounds of centrifugation (at 4000g for 10 minutes and 4°C), filtration (0.45-μm pore size), and storage at 4°C.
Host Range Profile
Agar overlays of each of the 89 V. cholerae strains (Supplementary Table 1 ) were prepared as described above. Aliquots (10 μL) of each phage (10 8 plaque-forming units [PFUs]/mL) were spotted onto the bacterial lawns and left to dry. The plates were incubated overnight at 37°C and then scored for lysis, as reported elsewhere [11] .
One-Step Growth Curve
A mid-exponential-phase culture of V. cholerae was infected with a single phage (multiplicity of infection, 0.1). After phage adsorption, the suspension was diluted in LB broth to a final concentration of 10 4 colony-forming units (CFUs)/mL [9] . Samples (1 mL) of the infected culture were collected at 5-minuted intervals for 90 minutes and filtered (0.45-μm pore size). The phages were enumerated on agar overlays as described above, and the burst size was calculated [12] .
DNA Sequencing, Assembly, and Annotation of Phage Genome
Phage genomic DNA was extracted using a Wizard DNA Clean-Up system (A7280; Promega). Next-generation sequencing was performed by Source Biosciences and NU-OMICS using the Illumina Miseq platform, with a 2 × 250-base pair pairedend run. The sequence data were assembled de novo, and single contigs for the phage were generated using the SPAdes version 3.1.0 assembler [13] with 120× coverage. The data quality was checked using FastQC software (Babraham Bioinformatics) and reads were quality trimmed. Genome annotation was carried out using RAST (version 2.0) [14] and Geneious (version 6.1.7; Biomatters) software with some manual curation, which provided the translated sequences of protein-coding regions. These sequences were used to interrogate the National Center for Biotechnology Information database using the protein Basic Local Alignment Search Tool (BLAST). Conserved protein motifs were identified using a HHpred search of the Pfam database [15] . With protein BLAST analysis, proteins were assigned to a gene sequence only when there was ≥90% identity with protein motifs in the database. The transfer RNA (tRNA) annotation was performed using tRNAscan-SE (version 2.0) [16] and ARAGORN (version 1.2.38) [17] software. After annotation, the genome was submitted to GenBank (Supplementary Table 2 ). The nucleotide sequence alignments were performed by ClustalW (Clustal 2.1) [18] . The maximum likelihood phylogenetic analysis was performed using the generalized time-reversible model with FastTree software [19] and the phylogeny was visualized using FigTree software, version 1.4.3 (http://tree.bio.ed.ac.uk/software/figtree).
Transmission Electron Microscopy
High-titer phage lysates were purified by means of ultracentrifugation using a cesium chloride gradient [20] . A 3-µL sample of cesium chloride-purified phage was applied to a hydrophilic (glow-discharged) carbon and Pioloform-coated 300 square mesh copper grid (Agar Scientific). After adsorption (2 minutes), excess sample was removed with filter paper. The grid was rinsed twice with 5 µL of distilled deionized water, and the excess was removed before staining with 1% uranyl acetate. Once dry, the grids were observed on a JEOL JEM-1400 transmission electron microscope with an accelerating voltage of 100 kV. Digital images were recorded using a SIS Megaview III digital camera with iTEM software (version 5.1).
Infant Rabbit Trials
All experimental protocols involving animals were approved by the local Animal Welfare and Ethical Review Body (under UK Home Office project license 70-7495) and performed in accordance with the UK Animals (Scientific Procedures) Act (1986) and EU directive 2010/63/EU. The infant rabbit cholera model was used to test the effectiveness of phage treatment [21] . Time-mated New Zealand White rabbits were obtained from Harlan Laboratories. After parturition, litters were housed as a group with the lactating doe for the duration of the study. Two hours before infection with bacteria, 2-day-old rabbits were pretreated intraperitoneally with ranitidine (5 mg/kg body weight; GlaxoSmithKline). Oral inoculations of bacteria (0.5-mL volume) and/or phage (1-mL volume) were delivered using separate 5F catheters (Arrow International). The bacterial inoculum was prepared from stationary-phase cultures of pathogenic V. cholerae O1 (Classical biotype) 1051 Sm R (from the National Institute of Cholera & Enteric Diseases, Kolkata, India). These cultures were resuspended in a sodium bicarbonate solution (2.5 g in 100 mL; pH 9) with a final concentration of approximately 5 × 10 8 CFUs per animal. Phage Phi_1 was administered either 6 hours before or 6 hours after bacterial challenge for prophylaxis and treatment, respectively (Table 1) . Phage kinetics in the intestinal tract were studied by dosing rabbits with phage only and collecting samples for analyses at time points corresponding to 24-hour postbacterial infection (ie, at 18 hours to mimic treatment and 30 hours to mimic prophylaxis).
Diarrhea was scored using the following scale: none (no signs of fecal contamination or wetness on their ventral surfaces; on dissection, the colon contained digesta that appeared normal [dark green, hard, and formed)]), mild (soft yellow stools and/or limited areas of wetness on the rabbit's fur; on dissection, digesta was missing from the colon or appeared yellow, soft, and unformed; some fluid accumulation in the cecum), and severe (extensive areas of wetness on their tails and ventral surfaces; on dissection, no digesta was found in the colon and the cecum and small intestine contained large quantities of clear fluid). Control and treatment group litters were housed separately to avoid cross-contamination, and ≥3 litters were used for each treatment strategy.
Animals were anesthetized 24 hours after infection using inhalation isoflurane (Isofol) and euthanized with intracardiac potassium chloride (15% wt/vol; MercuryPharma) at 2.5 mL/100 g body weight. Tissue segments (1 cm) were collected from the upper, middle, and lower portions of the small intestine, and cecal fluid was collected using gravity. The tissue samples were mechanically homogenized between sterile glass slides in 2 mL of sterile phosphate-buffered saline. Cecal fluid accumulation ratios were calculated as reported elsewhere [21] . When no cecal fluid was collected, cecal content was used instead to report numbers of bacteria. For bacterial enumeration, samples were decimally diluted and triplicate 10-µL aliquots spotted onto Trypticase Soy Agar (TSA) containing streptomycin (200 µg/mL). In addition, 100 µL of the original sample, and in some instances, a 5-fold concentration of this volume, was spread onto the same medium to enable lower numbers of cells to be detected. Phage enumeration was performed by spotting 10-µL volumes of filtered (0.45-µm syringe filters) intestinal content onto lawns of the host strain. All plates were incubated at 37°C for 24 hours before examination for colonies or plaques.
Phage Resistance
Presumptive V. cholerae isolates recovered from phage-treated and control animal groups were confirmed by means of polymerase chain reaction [22] and streaked on both LB agar plates, with and without supplementation with Phi_1 (1 × 10 9 PFUs/ mL). The plates were incubated at 37 o C for 24 hours before examination for colonies.
Statistical Analysis
Rabbit disease scores and cecal fluid accumulation ratios were analyzed using the Fisher exact test and 1-way analysis of variance, respectively. All bacterial and phage count data were log 10 transformed before statistical analysis. Bacterial count data were analyzed using the Kruskal-Wallis test with the Dunn post hoc multiple-comparison test (GraphPad Prism; version 5.02). Differences in phage count data were analyzed using the 2-sample Mann Whitney U test (using Minitab, version 17.2.1).
RESULTS
Phage Isolation, Morphological Characterization, and Selection for Use as a Therapeutic
Seven phages were isolated from samples of lake water collected from China. Another 5 phages were obtained from existing collections. The morphological characteristics of each phage were used to determine a provisional taxonomic classification ( Table 2 ). The host range and burst size of each phage were determined using a collection of 89 V. cholerae O1, O139, and non-O1/O139 strains (Supplementary Table 1 ) to identify candidates best suited for therapeutic application. The 3 Myoviridae phages (Phi_2, Phi_24 and Phi_X29) exhibited much narrower host ranges (1.1%-4.4%) than Podoviridae or Siphoviridae phages ( Table 1 ). The different phage families did not cluster according to latent period or burst size.
In addition to exhibiting a broad host range and large burst size, phage therapy candidates should not possess genes associated with virulence or lysogeny. Therefore, we sequenced the phage and examined their genomes for proteins of known function. The GenBank accession numbers for all phage genomes are provided in Supplementary Table 2 . Sequencing revealed that none of the phage genomes contained known virulence genes. However, all of the phages, except Phi_1 and Phi_3, contained integrase sequences, suggesting that they may be temperate phages and unsuitable for therapeutic applications. Given that Phi_1 exhibited a slightly broader host range than Phi_3, we focused our efforts on Phi_1 (an electron micrograph of Phi_1 presented in Figure 1 ).
The Phi_1 genome is 66.7 kb and contains 110 genes (Supplementary Table 3 ). Among these, 12 were listed as early or middle genes associated with metabolism and replication, 6 could be grouped into the late genes related to head morphogenesis and host cell lysis, and the remaining 92 genes encoded hypothetical proteins. Nucleotide BLAST analysis revealed that phage Phi_1 was most closely related to 2 N4like viruses, Vibrio phages JA1 (GenBank NC_021540.1) and VCO139 (GenBank KC438283.1), with 97% pairwise identity and similar GC content (34.5% vs 34.6%). No tRNA sequences were detected in the Phi_1 genome in contrast to a single tRNA in each of JA1 and VCO139. To further resolve the taxonomic placement of Phi_1, phylogenetic analysis was performed comparing the genome sequence of Phi_1 with the available published genome sequences of phage in the genus N4virus. Phylogeny showed that Phi_1 grouped with VCO139 and JA-1, with the only classified species of the genus N4virus, Escherichia phage N4, located in a distant clade (Figure 2) . Thus, we have identified a previously undescribed Podoviridae N4-like virus with characteristics that are favorable for phage therapy including being effective against a range of clinical V. cholerae strains grown under laboratory conditions.
Effectiveness of Phi_1 to Control Experimental Cholera in Infant Rabbits
To assess whether phage Phi_1 could be used to control experimental cholera, therapeutic and prophylactic studies were performed using the infant rabbit cholera model [23] . For the therapeutic trials, groups of infant rabbits were orally infected with approximately 8 × 10 8 CFUs of Sm R V. cholerae O1 strain 1051 and treated with phage (10 9 PFUs) 6 hours after infection. Control animals receiving only V. cholerae showed signs of disease as reported previously for rabbits infected with V. cholerae O1 [23] . Signs included the production of watery diarrhea, loose stool, and/or notable cecal fluid accumulation occurring in the majority of infected animals (11 of 17) ( Table 3) . In marked contrast, none of the phage-treated animals (0 of Furthermore, phage treatment was associated with a significant reduction in the number of V. cholerae recovered from the intestine compared with the control group, with no detectable colonies recovered in more than half of the animals (Figure 2A-2C ). Median reductions of 2-4 log 10 CFUs/g V. cholerae were recorded in different intestinal compartments, including in cecal content ( Figure 3D ). This, together with the low volumes of fluid evident in the intestine, would lead to a marked reduction in the number of organisms shed from the host.
We also assessed the ability of Phi_1 to be used prophylactically. In these studies, infant rabbits were administered 10 9 PFUs phage 6 hours before infection with approximately 5 × 10 8 CFUs per animal V. cholerae. Reflecting the therapeutic trials, phagetreated animals showed no symptoms of disease and exhibited significant reductions in recoverable V. cholerae and intestinal fluid compared with untreated control animals ( Table 2 and Figure 2A-2D) . Overall, these data indicate that Phi_1 is effective at killing V. cholerae in several intestinal compartments both before and after challenge with virulent V. cholerae.
Amplification of Phage Phi_1 in the Intestine, and the Development of Phage Resistance
When administered 6 hours after V. cholerae infection, approximately 10 6 -10 7 PFUs/g of phage were recovered in the intestine of the animals, approximately 100-fold higher than in animals given phage only (range 10 4 -10 6 PFUs/g) ( Table 4) . Slightly lower levels of phage were recovered during the prophylaxis experiments, most likely reflecting the increased time for transit through the intestine before bacterial inoculation (18 and 30 hours, respectively). However, in both cases, significant amplification of phage was recorded in most intestinal compartments, leading to a multiplicity of infection throughout the intestinal tract of about 1-2 phages per V. cholerae cell (Table 4) . Finally, these data suggest that significant numbers of phage (10 4 -10 5 PFUs/g) were recoverable from the intestine up to 30 hours after administration, even in the absence of V. cholerae. The V. cholerae colonies recovered from all the in vivo experiments were tested for their susceptibility to phage Phi_1 to determine levels of phage-resistance. Somewhat surprisingly, none of the colonies grew in LB medium supplemented with 10 9 PFUs of phage Phi_1, indicating that they remained sensitive to the phage. Moreover, attempts to generate phage-resistant mutants in vitro using plate-based methods were not successful, suggesting that the as-yet-uncharacterized phage Phi_1 receptor is important for V. cholerae viability under these conditions.
DISCUSSION
In the current study, we show for the first time that oral administration of a single Podoviridae phage could prevent clinical cholera symptoms in infant rabbits without the development of phage resistance. Our findings provide further evidence that phage can both reduce the severity of disease and limit spread of the organism to the environment. Given the well-documented challenges associated with the emergence of antibiotic-resistant bacteria, phage may yet provide a viable alternative to antibiotics.
The strain of V. cholerae used has been shown experimentally by this group to result in cholera using the infant rabbit model [21] , with fluid accumulation in the small intestine, perianal staining, and dehydration resulting in death if humane termination is not carried out. The infant rabbit model combines sensitivity with a greater convenience than other whole-animal models, such as the ligated intestinal loop model in adult rabbits [24] or mouse models [21] .
Given that animals receiving only bacteriophage had detectable levels of phage in their intestines for ≥24 hours; prophylaxis experiments with a longer interval between phage and bacteria administration would be worth assessing. However, because the rabbits are in an enclosed environment, environmental contamination with phage may occur with the ingestion and reingestion of phage from the mother's skin or the bedding.
Yen and colleagues [25] published a study describing the prophylactic use of a 3-phage (ICP) cocktail to treat cholera. They recorded a marked reduction in disease and V. cholerae recovered from rabbits given the phage cocktail. However, in contrast to the present study, they also recovered phage-resistant mutants. Susceptibility profiling of the in vivo-passaged V. cholerae against the individual phage present in the ICP cocktail revealed that resistance differed depending on the animal host as well as over time. The phage used in the study by Yen et al were all members of the Podoviridae, previously identified as containing phage that make "better" in vivo therapeutic agents [26] .
Rational and systematic evaluation of phage characteristics according to morphology, genomics, and a number of cultural phenotypes, including latent period, burst size, and host range, seems to be critical in the selection of phage as therapeutic agents. Latent period, burst size, and the presence of a DNAdependent RNA polymerase have all been found to correlate with in vivo efficacy in controlling experimental Escherichia coli infections [26] . Both phage Phi_1 and ICP3 encode a specific RNA polymerase that could improve their effectivity in vivo. However, it could also be that phage Phi_1 uses a crucial receptor for V. cholerae survival in the intestinal tract, such as the O1 lipopolysaccharide antigen. It is well known that phase-variable mutants of the O1 receptor are protected from phage infection but become attenuated [27] . Selecting phages that target surface virulence determinants can be an effective approach, because phage-resistant mutants are often attenuated.
In one study, using E. coli phage targeting the K1 capsule resulted in the recovery of acapsular but attenuated mutants [8] . The potential development of resistance is a concern if phages are applied in the field, because oral administration to patients may result in extensive shedding of bacteria and phage in the environment, potentially resulting in recirculation of phage-resistant mutants. In some circumstances, this could be avoided by limiting phage administration to patients in clinics Abbreviation: SD, standard deviation.
a Phage Phi_1 was orally administered 6 hours before (prophylactic) or 6 hours after (therapeutic) the bacteria.
b The Fisher exact test was used to compare the proportion of animals with disease symptoms in groups treated with phage Phi_1 therapeutically or prophylactically, compared with untreated control animals (P < .001).
c The disease scoring system is described in the text. and composting the evacuated feces. Alternatively, the impact of phage recirculation could be minimized by using different phage preparations that target different receptors, or combinations of receptors, to limit the emergence of resistant strains. Two previous studies of phage therapy to treat cholera in small groups of human patients found either little clinical effect [28] , or the requirement for large phage doses (>10 15 PFUs) [29] . However, the phages used were not well characterized, and some seemed to be temperate and ill suited for therapy. In addition, neither study neutralized stomach acid before phage administration, which may significantly affect the results. Both studies used phage cocktails that, if combined carefully, may offer some protection against the emergence of resistant mutants. However, the performance of phage cocktails may be no better than individual phages [30] , and could be worse. The use of cocktails requires a balance to be struck between the practical limitations of preparing lysates of many different phage, and the need to include sufficient phage to minimize the emergence of resistant mutants. Principally, this should be done through genomic and phenotypic analysis to combine compatible phages that target different receptors.
Characterization of the interaction of Phi_1 and its receptor(s) may provide some clues as to why phage-resistant mutants were not recovered. Prophylactic and therapeutic trials with Phi_1 need to be performed in human volunteers to determine if this treatment is viable. Should this prove successful, bacteriophage therapy could be deployed relatively easily to remote and underserved communities in developing countries owing to the ease and speed with which phage can be prepared, using basic laboratory equipment. Alternatively, preparations of phage can be made using lyophilization, spray drying, emulsification, and microencapsulation, which remain stable for years (recently reviewed in [31] ). Phage therapy has significant potential to save hundreds or thousands of lives during outbreaks of cholera that follow natural and man-made disasters, an aim strongly worth pursuing.
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